Urinary-tract infections (UTIs), which are some of the most common infectious diseases in humans, can cause sepsis and death without proper treatment. Therefore, it is necessary to understand their pathogenicity for proper diagnosis and therapeutics. Uropathogenic Escherichia coli, the major causative agents of UTIs, contain several genes that are absent in nonpathogenic strains and are therefore considered to be relevant to UTI pathogenicity. c4763 is one of the uropathogenic E. coli-specific proteins, but its function is unknown. To investigate the function of c4763 and its possible role in UTI pathogenicity, its crystal structure was determined at a resolution of 1.45 Å by a multiplewavelength anomalous diffraction method. c4763 is a homodimer with 129 residues in one subunit that contains a GGCT-like domain with five -helices and seven -strands. c4763 shows structural similarity to the C-terminal domain of allophanate hydrolase from Kluyveromyces lactis, which is involved in the degradation of urea. These results suggest that c4763 might be involved in the utilization of urea, which is necessary for bacterial survival in the urinary tract. Further biochemical and physiological investigation will elucidate its functional relevance in UTIs.
Introduction
Urinary-tract infections (UTIs), which are some of the most common infectious diseases in humans, are caused by the invasion of uropathogens through the urethra and their colonization of the bladder. In some cases, pathogens ascend via the ureter to the kidney and induce secondary infections. As a result, UTIs can be classified into lower UTIs, including cystitis and urethritis, and upper UTIs such as pyelonephritis. UTIs can be easily cured by antibiotics, but can sometimes result in sepsis or death if not treated properly. UTIs occur most commonly in women, and 30% of patients experience reoccurrence (Mobley & Warren, 1996) . The major pathogen in UTIs is uropathogenic Escherichia coli (UPEC), which is responsible for more than 80% of cases of acute UTI (Braunwald et al., 2001) . The rate of antibiotic resistance of UPEC has increased to 20%, and the development of novel antibacterial therapeutics is therefore required. For these reasons, it is necessary to understand the bacterial pathogenesis of UPEC in detail.
Various virulence factors play a role in UPEC pathogenesis, such as bacterial adherence, toxin production, motility changes, metal acquisition and the evasion of host immune defences (Nielubowicz & Mobley, 2010) . Comparative genomic hybridization (CGH) analyses of E. coli strains, including the most virulent UPEC strain CFT073, revealed 131 UPEC-specific genes that are not found in nonpathogenic strains (Lloyd et al., 2007) . Therefore, some of these genes are expected to be virulence factors and to be relevant to UTIs. From this point of
# 2015 International Union of Crystallography view, it is important to elucidate their structures and functions, which could provide new clues for understanding UPEC pathogenesis as well as identifying new drug targets. In this study, the structure of the c4763 protein, one of the UPECspecific proteins, has been characterized and its functional implications are discussed.
Materials and methods

Protein expression and purification
The gene encoding c4763 was amplified by PCR from the genomic DNA of UPEC strain CFT073 and inserted into the pET-21a plasmid (Novagen, Massachusetts, USA) using NdeI and XhoI restriction sites. As a result, the recombinant c4763 contains an extra hexahistidine tag at the C-terminus. The resultant expression vector was introduced into E. coli B384 (DE3) competent cells. The transformed cells were then inoculated into M9 minimal medium supplemented with selenomethionine (SeMet) and other essential amino acids and cultured at 37 C. When the OD 600 of the cell culture reached 0.5, protein expression was induced by the addition of 1 mM isopropyl -d-1-thiogalactopyranoside (IPTG) and the cells were cultured for a further 4 h. The cultured cells were harvested by centrifugation. The harvested cells were lysed by sonication in buffer A (20 mM Tris pH 7.5, 0.5 M NaCl, 20 mM imidazole, 1 mM PMSF, 5 mM DTT) and the soluble fraction was obtained by centrifugation. The supernatant was loaded onto a HiTrap nickel-chelating column (GE Healthcare, New Jersey, USA) and the bound protein was eluted using an imidazole gradient from buffer A to buffer B (20 mM Tris pH 7.5, 0.5 M NaCl, 1 M imidazole, 5 mM DTT). Fractions containing the c4763 protein were pooled, concentrated and subjected to a HiLoad Superdex 75 size-exclusion column (GE Healthcare, New Jersey, USA) pre-equilibrated with buffer C (20 mM Tris pH 7.5, 0.1 M NaCl, 5 mM DTT). The eluent was concentrated to 35 mg ml À1 and frozen at À80 C until use.
Crystallization and data collection
Crystallization conditions were screened using SeMetlabelled c4763 at a concentration of 35 mg ml À1 via the microbatch method under a 1:1 mixture of paraffin oil and silicone oil at 295 K. A drop consisting of 1 ml screening solution and 1 ml protein solution was placed into each well of a 72-well microplate. Diffraction-quality crystals were obtained from a crystallization solution composed of 0.1 M sodium/potassium phosphate pH 6.2, 0.2 M NaCl, 40% PEG 400 within a few days.
The crystal was immersed briefly into the cryoprotectant Paratone-N and flash-cooled in a nitrogen-gas stream at 100 K before X-ray exposure. The diffraction data were collected on the BL1A beamline at the Photon Factory, Tsukuba, Japan. For multiple-wavelength anomalous dispersion (MAD) phasing, data were obtained at wavelengths of 0.97883 Å (peak), 0.97923 Å (inflection) and 0.96000 Å (remote). Data processing and scaling were performed using the HKL-2000 suite (Otwinowski & Minor, 1997) . Data-collection statistics are shown in Table 1 .
Structure determination
The crystal structure of SeMet-labelled c4763 was determined by MAD phasing using the AutoSol program in the PHENIX package (Adams et al., 2010) 
Results and discussion
The crystal structure of c4763 was determined at a resolution of 1.45 Å with an R work and an R free of 18.9 and 20.5%, respectively. In the Ramachandran plot, 98.8 and 1.2% of the residues were assigned to the most favoured and the allowed regions, respectively. The crystal of c4763 belonged to space group P2 1 2 1 2 1 . Two molecules were found in the asymmetric unit and were designated chains A and B. Consistent with these findings, purified c4763 eluted at a volume corresponding to a dimer in size-exclusion chromatography (data not shown). Because of the weak electron densities for Met1 and Val129 of chain A and Thr128 and Val129 of chain B, the final model consists of residues 2-128 for chain A and residues 1-127 for chain B. The structural characterization in this study was performed using subunit A unless otherwise specified. The data-collection and refinement statistics are summarized in Table 1 .
research communications
Each subunit is composed of two domains. The N-terminal domain has an antiparallel -sheet (1-2-5-6-7) packed by two long -helices (1 and 2) on one face, and the C-terminal domain contains a -hairpin (3-4) encompassed by three short -helices (3-5) ( Figs. 1a and 1b ). According to a domain-architecture search using CDART (Geer et al., 2002) , c4763 contains a GGCT-like domain (also called an AIG2-like domain) and thus belongs to the GGCT-like superfamily of proteins. By comparison with proteins in the same structural family, it is expected that a ligand-binding research communications pocket is present in the cleft formed between the two domains ( Figs. 1a and 1b) .
The two molecules in the asymmetric unit are related by twofold noncrystallographic symmetry (Fig. 1c) . The pairwise root-mean-square deviation (r.m.s.d.) between the two molecules in the asymmetric unit is 0.7 Å for 126 C atoms. PISA analysis of c4763 reveals that the area of the monomer surface is 6764 Å 2 and that of the dimer surface is 11 428 Å 2 (Krissinel & Henrick, 2007) , suggesting that 2100 Å 2 (accounting for 15% of each subunit surface) is buried by dimer formation. Intersubunit hydrogen bonds formed between residues located in the 2 helix, the 6 strand, a loop between 2 and 6 and a loop between the 3 and 4 helices ( Table 2) predominantly contribute to the interaction between the two subunits. Hydrophobic residues also play a role in formation of the dimer, but neither disulfide bonds nor salt bridges are found in the subunit interface.
Since c4763 is classified as a hypothetical protein because of its low sequence similarity to other functionally identified proteins, its crystal structure was compared with known structures in order to obtain clues to its function and its contribution to UTIs. From structural alignment of c4763 using the DALI server (Holm & Rosenströ m, 2010) , the two structures that showed the highest Z-scores were chosen for further analyses: the C-terminal domain of allophanate hydrolase (AH) from Kluyveromyces lactis (Fan et al., 2013; PDB entry 4iss) and the N-terminal domain of human -glutamyl cyclotransferase (GGCT; Oakley et al., 2008; PDB entry 2pn7) . The C-terminal domain of AH shows the highest structural homology to c4763; they overlapped with an r.m.s.d. of 1.2 Å for 123 C atoms ( Fig. 2a ). However, c4763 is relatively less similar to the N-terminal domain of GGCT in its structural aspects, with an r.m.s.d. of 2.8 Å when 111 C atoms were superimposed (Fig. 2b) . The sequence identity of c4763 to the C-terminal domain of AH and the N-terminal domain of GGCT is 27 and 15% for 123 and 111 residues, respectively.
Considering the area of the intersubunit interface of c4763 and its oligomeric state in solution, c4763 is highly likely to act as a dimer, and thus the dimeric c4763 was compared with homologous proteins. GGCT exists as a dimer consisting of two identical subunits. When the dimeric c4763 was superimposed onto the GGCT dimer, the second subunit (chain B) of c4763 overlaps poorly on chain B of GGCT, while both chain A of c4763 and GGCT show a good superposition (Fig.  2c ). AH is also known to function as a dimer (Fan et al., 2013) . Therefore, the c4763 dimer overlaps well with the C-terminal region of the AH dimer (Fig. 2d ). Taking these results together, it is assumed that c4763 is more closely related to AH than to GGCT.
Based on the structural and sequential homology, it is expected that c4763 might be a functional homologue of AH. Allophanate hydrolase plays a crucial role in the ureadegradation pathway, together with urea carboxylase (UC). After UC carboxylates urea to give allophanate, AH hydrolyzes allophanate to ammonia and carbon dioxide in two steps: the N-terminal domain of AH converts allophanate to N-carboxycarbamate and the C-terminal domain of AH degrades N-carboxycarbamate to ammonia (Fan et al., 2013) . Since a limited number of E. coli strains are urease-positive (Mobley et al., 1995) and no urease-encoding genes are found in the CFT073 strain, it is tempting to hypothesize that c4763 replaces part of the urease function. Therefore, it can be assumed that uropathogenic E. coli may employ c4763 as a fitness factor for its proliferation in the urinary tract by utilizing the abundant host urea as a nitrogen source. To verify the predicted function of c4763, we assayed the enzymatic activity of c4763 by measuring the amount of ammonia generated from allophanate, which is enzymatically linked to NADPH oxidation. However, we could not detect enzymatic activity of c4763 when allophanate was used as a substrate, possibly owing to the lack of an enzyme equivalent to the N-terminal domain of AH to initiate the hydrolysis of allophanate. Moreover, since N-carboxycarbamate, a reaction intermediate of AH, is unstable, we cannot use this compound as a substrate for enzymatic assay of c4763. Interestingly, in a BLAST search of the CFT073 genome using the N-terminal domain of AH as a query we found a protein in the CFT073 strain that is assigned as a putative amidase and has sequence homology to the N-terminal domain of AH. Therefore, it is tempting to hypothesize that c4763 might act together with the putative amidase in CFT073 in urea degradation. Further biochemical and structural studies will elucidate the biochemical and physiological functions of c4763. Table 2 Hydrogen bonds in the intersubunit interface.
Residues involved in hydrogen bonds and the corresponding atoms are listed together with the hydrogen-bond distances. 
